J Clin Invest. 2013;123(10):4283-4293. https://doi.org/10.1172/JCI69854. Common variable immune deficiency (CVID) is an assorted group of primary diseases that clinically manifest with antibody deficiency, infection susceptibility, and autoimmunity. Heterozygous mutations in the gene encoding the tumor necrosis factor receptor superfamily member TACI are associated with CVID and autoimmune manifestations, whereas two mutated alleles prevent autoimmunity. To assess how the number of TACI mutations affects B cell activation and tolerance checkpoints, we analyzed healthy individuals and CVID patients carrying one or two TACI mutations. We found that TACI interacts with the cleaved, mature forms of TLR7 and TLR9 and plays an important role during B cell activation and the central removal of autoreactive B cells in healthy donors and CVID patients. However, only subjects with a single TACI mutation displayed a breached immune tolerance and secreted antinuclear antibodies (ANAs). These antibodies were associated with the presence of circulating B cell lymphoma 6-expressing T follicular helper (Tfh) cells, likely stimulating autoreactive B cells. Thus, TACI mutations may favor CVID by altering B cell activation with coincident impairment of central B cell tolerance, whereas residual B cell responsiveness in patients with one, but not two, TACI mutations enables autoimmune complications.
Introduction
Common variable immune deficiency (CVID) is a heterogeneous group of primary diseases that manifest with antibody deficiency, susceptibility to infections, and autoimmunity (1) . Since its identification as a clinical entity, CVID has been principally described as a B cell disorder (2) . B cell receptor (BCR) and TLR7 and TLR9 responses are found altered in most CVID patients (3) (4) (5) . However, CVID patients often have additional immunological abnormalities not apparently attributable to B cells, such as Treg deficiency, a finding associated with clinical autoimmunity (6, 7) . Although the majority of CVID cases have no identifiable pathogenic mutation, 7%-10% of patients bear a mutation in the TNFRSF13B gene encoding TACI, a tumor necrosis factor receptor superfamily member expressed on B cells (8, 9) . TACI can bind two ligands, a proliferation-inducing ligand (APRIL) and B cell activation factor (BAFF), both of which were found elevated in the serum of CVID patients (10) (11) (12) . Interestingly, elevated serum BAFF concentrations in mice have been reported to interfere with the removal of autoreactive B cells (13, 14) . TACI mutations in CVID patients are typically found in the heterozygous state, suggesting either that TACI mutations exert a dominant-negative effect on the unmutated allele, or that defects induced by TACI mutations result from haploinsufficiency (15) (16) (17) . Yet, the lack of disease in the majority of carriers with TACI mutations and their puzzling relative commonness (approximately 1%) in the general population cast doubt on their role in the pathogenesis of immune deficiency (18) . When associated with CVID, a single TACI mutation predicts the development of autoantibody-mediated autoimmune disease, whereas patients with two mutated alleles are mostly spared clinical autoimmune conditions, suggesting a complex role for TACI in maintaining B cell tolerance (19, 20) .
In healthy controls, most autoreactivity is purged from the repertoire at two distinct B cell tolerance checkpoints (21) . The first checkpoint occurs centrally in the bone marrow and is dependent upon B cell intrinsic factors including the BCR and TLR signaling pathways that mediate binding to self-antigens (22) (23) (24) (25) . In contrast, regulation of the peripheral B cell tolerance checkpoint involves Tregs and potentially plasma BAFF concentrations (26) (27) (28) .
To determine the impact of TACI mutations on the establishment of human B cell tolerance, we cloned and expressed in vitro recombinant antibodies from single new emigrant/translational and mature naive B cells from subjects with or without CVID carrying one or two TACI mutation(s). We found that TACI mutations impaired the removal of autoreactive B cells at the central B cell tolerance checkpoint by imposing BCR and TLR defects in a dose-dependent manner in all subjects, regardless of CVID status. In contrast, only healthy individuals, and not CVID patients, were capable of mitigating central B cell tolerance defects with an effective peripheral B cell tolerance checkpoint, which does not rely on functional TACI. Finally, we report that secreted antinuclear antibodies (ANAs) are common in CVID patients with one TACI mutation and correlate with the presence of circulating T follicular helper (Tfh) cells as well as a high incidence of autoim-munity, whereas subjects with two TACI mutations who are mostly protected from autoimmunity were completely devoid of ANAs and circulating Tfh cells.
Results
Central B cell tolerance is defective in all subjects with TACI mutations. Central B cell tolerance is responsible for the removal of most polyreactive and antinuclear B cells (21) . To determine whether this checkpoint is affected by TACI mutations, we cloned antibodies expressed by single CD10 ++ CD21 lo IgM hi CD27 -CD20 + new emigrant/transitional B cells from four representative individuals from the following three subject groups: healthy donors with one TACI mutation and CVID patients with one or two TACI mutations. We found a significant increase in the frequency of polyreactive clones in new emigrant/transitional B cells from all individuals with TACI mutations, which represented 20.0%-26.1% in either healthy individuals or CVID patients with a single mutation, compared with 5.3%-11.5% in healthy controls without mutations ( Figure 1, A Tables 1-18 ; supplemental material available online with this article; doi:10.1172/ JCI69854DS1). Polyreactive B cells were even more prevalent in patients with two TACI mutations comprising 28.5%-39.9% of their new emigrant/transitional B cells and were also frequent in CVID patients without TACI mutations as previously reported ( Figure 1 , A and B, and ref. 29 ). This increase in autoreactive clones in patients with two TACI mutations compared with subjects with a single TACI mutation was further evidenced by the significantly increased frequency of both HEp-2-reactive and nuclear-reactive new emigrant/transitional B cells in these subjects (Figure 1 , B-D). Hence, TACI mutations interfere in a gene-dosage manner with the establishment of central B cell tolerance in all individuals regardless of their CVID status.
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B cell activation after BCR, TLR7, and TLR9 stimulation is TACI gene dosage dependent. The high frequency of ANA-expressing new emigrant B cells in subjects with TACI mutations is reminiscent of IRAK4-and MYD88-deficient patients who display similar features, suggesting defective TLR functions in the presence of mutated TACI molecules (23) . We therefore assessed the in vitro activation of naive B cells from individuals with and without TACI mutations; the cells were stimulated for 2 days through BCR, CD40, TLR7, or TLR9 ( Figure 2 ). We found that independent of disease status, naive B cells carrying a single TACI mutation displayed a diminished induction of B cell activation markers CD86 and CD69 when stimulated with F(ab′) 2 anti-human IgM, which triggers BCRs, guardiquimod (TLR7 agonist), or CpG (TLR9 agonist). By contrast, B cells with two TACI mutations were nearly unresponsive to such stimulation as also evidenced by the defective induction of the coactivation molecule ICOSL (Figure 2A and Supplemental Figure 1A ). Similarly to adenosine deaminase (ADA) inhibition (25) , TACI mutations imposed selective, not global, TLR7-and TLR9-dependent B cell activation defects because the induction of CD25 by TLR agonists was unaffected in B cells carrying TACI mutations ( Figure 2B and Supplemental Figure 1B ). In addition, B cells with TACI mutations did not suffer from an intrinsic inability to upregulate CD86 because this molecule was normally induced after CD40 triggering ( Figure 2A ). Moreover, we observed B cell activation defects in CVID patients without TACI mutations that were similar to the defects in B cells carrying TACI mutations but with overall greater variability ( Figure 2 TACI interacts with TLR7 and TLR9 in B cells. The identification of TACI-dependent TLR7 and TLR9 functions in B cells and the rapid induction of TACI on the B cell surface after activation by these TLRs suggest an interplay between TACI, TLR7, and TLR9, since each uses MyD88 for intracellular signaling (25, 30, 31) . To explore the potential interaction between TACI and these TLRs, we performed coprecipitation experiments using healthy donor splenic B cells under different stimulating conditions ( Figure 3 ). We found that TACI coprecipitated with TLR9 and that the interaction was enhanced upon activation of these receptors by their respective ligands APRIL and CpG, but less so by the TLR7 ligand gardiquimod ( Figure 3A ). TACI did not associate with the 120-kDa unactivated full-length TLR9, but associated only with its cleaved 65-kDa mature form created after the binding of its ligand, DNA (32) . Hence, TACI only interacts with TLR9 after activation ( Figure 3A ). Coprecipitation of TACI and mature TLR9 was also observed in the human IgD + E2E B cell line under similar activating conditions (Supplemental Figure 2) . In contrast to TLR9, the interaction between TACI and TLR7 was only detected upon simultaneous activation by APRIL and gardiquimod, respectively ( Figure 3B ). Once more, TACI did not bind to the 120-kDa unactivated full-length TLR7, but was found to bind only to its cleaved 75-kDa mature form, thereby demonstrating that the association of TACI with TLR7 follows TLR7 activation by its ligand ( Figure 3B and ref. 33) .
A role for TACI in potentiating TLR7 and TLR9 functions in B cells was further revealed by B cell activation experiments using TACI and TLR costimulations. Indeed, TACI triggering by its ligand APRIL enhanced TLR7-or TLR9-induced B cell proliferation and IgM secretion in vitro, whereas APRIL alone did not elicit any responses (Supplemental Figure 3 ). The specificity of the synergy between TACI and TLR7 or TLR9 was demonstrated by the addition of TACI-Ig, a decoy receptor for soluble APRIL and BAFF that blocked the enhanced B cell responses induced by APRIL and TLR agonists (Supplemental Figure 3 and ref. 33 ). The in vivo activation of TACI likely relies upon the production of its ligands in trans by non-B cells, including dendritic cells, since B cells did not seem to secrete substantial amounts of BAFF or APRIL (Supplemental Figure 4 and refs. 34, 35) . Hence, we identified ligand-dependent interactions between TACI and endosomal receptors TLR7 and TLR9, which further reveal that TACI plays an important role in mediating human B cell activation by these TLRs.
Peripheral B cell tolerance is defective in CVID patients. A second B cell tolerance checkpoint is responsible for the elimination of additional autoreactive B cells before they enter the CD10 -C-D21 + IgM + CD27 -CD20 + mature naive B cell compartment (21) . We assessed the impact of TACI mutations on peripheral B cell tolerance by testing HEp-2 cell lysates for the reactivity of recombinant antibodies cloned from mature naive B cells from healthy subjects and CVID patients with or without TACI mutations (Supplemental Tables 19-35 ). We observed a significantly elevated frequency of HEp-2 reactive mature naive B cells in all tested CVID patients with one TACI mutation (38.5%-47.6%; P < 0.001), those with two TACI mutations (58.5%-65%; P < 0.001), and those without TACI mutations (28.6%-56%; P < 0.001) compared with healthy controls (16.0%-26.3%), demonstrating an impaired peripheral B cell toler- ance checkpoint in these patients ( Figure 4 , A and B). Peripheral B cell tolerance defects were further evidenced by higher frequencies of polyreactive mature naive clones in CVID patients compared with healthy controls, with the highest frequency being observed in B cells from subjects with two TACI mutations that frequently displayed antinuclear reactivity (Supplemental Figure 5 and Supplemental Figure 6 , A and B). In contrast, between the new emigrant/ transitional and mature naive B cell developmental stages, healthy donors with one TACI mutation showed a significant reduction in both HEp-2-reactive (37.7% to 19.3%; P = 0.005) and polyreactive (24.9% to 18.2%; P = 0.046) clones ( Figure 4 and Supplemental Figure 6B ). We conclude that a single TACI mutation does not affect the peripheral B cell tolerance checkpoint, which is functional in all healthy subjects but defective in CVID patients.
Peripheral B cell tolerance defects in CVID patients correlate with elevated plasma BAFF concentrations and decreased Treg frequencies.
Defects in peripheral B cell tolerance have been correlated with elevated plasma BAFF concentrations and lower Treg frequencies, both features that have already been reported in CVID (7, 11, 12, (26) (27) (28) . We found 4-to 5-fold increased elevations in plasma BAFF concentrations in CVID patients, contrasting with normal BAFF concentrations in healthy donors with a single TACI mutation ( Figure 5A ). Using a quantitative PCR-based assay for enumerating κ-deletion recombination excision circles (KRECs) that estimates the number of divisions undergone by a B cell population (36) , we found that mature naive B cells from CVID patients with and without TACI mutations displayed significantly increased homeostatic proliferation, with an average of 3.0 divisions in vivo compared with 1.9 divisions in B cells from healthy donors both with and without TACI mutations ( Figure 5B ). Both the defective peripheral B cell tolerance checkpoint and the dysregulated homeostatic B cell proliferation observed in CVID patients were characteristic of FOXP3-deficient patients who do not have functional Tregs, suggesting a similarly altered Treg compartment in CVID (28) . Indeed, we found that the frequency of CD4 + CD25 hi CD127 lo FOXP3 + Tregs was decreased in most CVID patients, independent of the presence and/or number of TACI mutations, but not in healthy donors with a single TACI mutation ( Figure 5C ). Impaired Treg function in CVID patients was further suggested by their altered Ki67 + CD45RO + CD25 lo phenotype, also reminiscent of nonfunctional Tregs from FOXP3-deficient IPEX patients (Supplemental Figure 7 , A and B, and ref. 28 ). Our direct assessment of Treg suppressive function in vitro demonstrated the impaired ability of Tregs from CVID patients with and without TACI mutations to inhibit the proliferation of CFSE-labeled CD3 + CD4 + CD25autologous and heterologous T responder (Tresp) cells ( Figure 5 , D and E). In contrast, Tregs from healthy donors with a single TACI mutation were as suppressive as Tregs from controls with no TACI mutation, further demonstrating that TACI mutations are not inducing Treg defects per se ( Figure 5 , D-F). Thus, TACI mutations are not responsible for the elevated plasma BAFF concentrations, the low Treg frequencies, or the poor Treg suppressive function associated with the majority of CVID patients displaying a defective peripheral B cell tolerance checkpoint.
Circulating ANAs and BCL6 + Tfh cells are associated with a single TACI mutation. CVID patients with a single TACI mutation are prone to developing autoimmune syndromes, whereas carrying two mutations seems to prevent autoimmunity (19, 20) . To further investigate this apparent discrepancy, we assessed the plasma of healthy donors and CVID patients with or without TACI mutation(s) for IgG ANAs. In agreement with previous reports, 16.2% of healthy donors were found positive for low-titer (1:80 dilution) plasma ANAs, with very few displaying high ANA titers (5.4% at a dilution of 1:320) (37) . In contrast, most CVID patients with one TACI mutation displayed low-titer plasma ANAs (1:80 dilution), and 30% of them had detectable high-titer ANAs (1:320) ( Figure 6 , A and B). We found that 40% of healthy donors carrying a single TACI mutation also frequently harbored significant high-titer TACI interacts with activated/cleaved TLR7 and TLR9. TACI associates with activated/cleaved 65-kDa TLR9 (A) or 75-kDa TLR7 (B) after the receptors triggered or cotriggered with their respective ligands. Immunoprecipitations were performed using human splenic B cells stimulated or not by the TACI ligand APRIL, TLR9 ligand CpG, and/or TLR7 ligand gardiquimod, as indicated below the blots. The thin black vertical line in A signifies the absence of a single lane from an otherwise contiguous blot that was removed, as it did not further clarify the TACI-TLR9 interaction.
ANAs, thereby suggesting a role for TACI in preventing autoantibody secretion ( Figure 6, A and B) . Remarkably, ANAs were undetectable even at a low 1:80 titer in all seven CVID patients with two TACI mutations, revealing that the absence of functional TACI blocks autoreactive B cell activation ( Figure 6, A and B) .
Since the generation of IgG ANAs is considered T cell dependent, we analyzed effector T cell subsets potentially contributing to autoantibody production, such as CXCR5 + PD-1 hi CD4 + circulating Tfh cells (38, 39) . These T cells are rare in the peripheral blood of control healthy donors without a TACI mutation and in CVID patients with two TACI mutations, comprising 3.7% and 2.1% of their CD4 + T cells, respectively ( Figure 6, C and D) . In contrast, we found a high average frequency of CXCR5 + PD-1 hi CD4 + T cells in healthy donors and CVID patients with a single TACI mutation as well as in some CVID patients without TACI mutations (healthy donor [HD] TACI WT/mut: 10.1%; CVID TACI WT/mut: 17.1%; and CVID: 9.9% of CD4 + cells) ( Figure 6 , C and D). These cells resembled tonsilar Tfh cells, which are normally localized in GCs, since they expressed intracellular BCL6, the master transcriptional regulator responsible for Tfh differentiation, as well as the coactivation molecules ICOS and CD40L ( Figure 6C and data not shown) (40) . Tfh cells were generally most prevalent in the peripheral blood of subjects who had the lowest frequencies of circulating Tregs, whereas in subjects with two TACI mutations, Tfh cells were nearly absent ( Figure 6E ). In addition, several cytokines secreted by Tfh cells, including IL-4 and IL-10, but not IL-21, were found at elevated concentrations in the plasma of CVID patients but not in that of healthy donors with one TACI mutation (Supplemental Figure 8 ). Hence, a single TACI mutation correlates with an increased frequency of circulating CD4 + CXCR5 + PD-1 hi ICOS hi BCL6 + Tfh cells and the production of high-titer IgG ANAs, thereby revealing an additional, more distal B cell tolerance breach often associated with autoimmune syndromes. In contrast, a second TACI mutation resulting in a lack of functional TACI counteracts the effects of a single TACI mutation, creating a scenario of scant circulating Tfh cells, absent ANAs, and a reduced susceptibility to autoantibody-mediated disease.
Discussion
We report herein several roles played by TACI mutations in the development of CVID. Previously, the association between TACI mutation(s) and CVID was unclear because many people carrying TACI mutations are healthy and without infectious susceptibility or decreased serum immunoglobulins (18, 41) . However, we found that all individuals with TACI mutations failed to remove developing autoreactive B cells in the marrow. This defective central B cell tolerance checkpoint is the first evidence of the full pene-trance of TACI mutations in B cell development. This effect is not influenced by the nature of the mutation itself or the CVID status of the carrier. Indeed, healthy carriers with a single C104R TACI mutation abrogating ligand binding displayed abnormalities similar to those in CVID patients carrying the A181E mutation affecting the TACI transmembrane domain. Likewise, patients homozygous for the allele encoding the C104R mutation showed profound B cell defects and elevated autoreactive B cell frequencies similar to those in the S144X/S144X individual in whom no TACI protein is expressed (8) . Hence, various mutated TACI alleles encode similarly nonfunctional molecules. It remains to be determined whether these mutations result in the expression of interfering dominant-negative products or whether their impact on B cell activation and central selection is solely due to haploinsufficiency.
How do TACI mutations affect the removal of developing autoreactive B cells? Previous studies have suggested that the regulation of central B cell tolerance is intrinsic to B cells and involves the sensing of self-antigens through binding with BCRs and potentially TLRs (23) . Our data from subjects with TACI mutations further support such a model, as TACI is expressed primarily by B cells and regulates BCR, TLR7, and TLR9 functions. Indeed, B cells carrying a single TACI mutated allele display decreased CD86 upregulation in vitro when BCR, TLR7, or TLR9 are triggered, whereas B cells with two mutated TACI alleles fail to upregulate this costimulatory molecule. Interestingly, defective CD86 induction after BCR and TLR9 stimulation as well as impaired TLR responses are features already reported for B cells from CVID patients and may represent one mechanism by which TACI mutations favor the development of CVID (5, 42) . TACIdeficient patients as well as subjects with a single TACI mutation share a similar defective central B cell tolerance checkpoint that is also characterized by a failure to remove antinuclear clones. The presence of antinuclear clones in the new emigrant/transitional B cell compartment is reminiscent of IRAK4-deficient, MYD88-deficient, and ADA-deficient severe combined immune deficiency patients who have revealed the IRAK4/MYD88 and ADA pathways to be essential for the counterselection of such reactivity (23, 25) . Since TLR7 and TLR9 bind nucleic acids and require IRAK4, MYD88, ADA, and TACI to function in B cells, these receptors may therefore play an important role in establish-ing central tolerance against RNA-and DNA-containing antigens. In addition, TACI's intracellular domain binds MYD88 (30) , and our data show that TACI can interact with both TLR7 and TLR9 upon coengagement of these receptors. Hence, polyreactive and antinuclear BCRs that bind self-antigens in the bone marrow may internalize and deliver them to endosomal compartments. TLR7 and TLR9 may then recognize RNA-and DNA-containing complexes, leading to TLR proteolytic activation and interaction with TACI, which in turn may allow the amplification of IRAK4/MYD88-dependent signals to mediate central tolerance mechanisms. We conclude that TACI plays an essential role in the establishment of central B cell tolerance in humans.
TACI mutations potentially favor CVID development by impairing B cell activation. However, many individuals carrying a TACI mutation do not develop CVID (18, 41) . By comparing such subjects with CVID patients with TACI mutation(s), we found that disease correlated with an abnormal peripheral B cell tolerance checkpoint independently of TACI mutations. Indeed, all asymptomatic individuals with a single TACI mutation managed to prevent the accumulation of autoreactive clones in their mature naive B cell compartment. This demonstrates that peripheral B cell tolerance can be established despite a defective central B cell tolerance checkpoint. The increased the development of an SLE-like autoimmune condition in TACIdeficient mice with the absence of autoimmune manifestations in CVID patients with two TACI mutations (54) . On the other hand, as in Taci -/mice, Tfh cells are enriched in CVID patients with a single TACI mutation and likely contribute to the activation of autoreactive B cells through cell-cell interactions and the production of cytokines such as IL-4 and IL-10, leading to ANA secretion. It is unknown at this point why Tfh cell frequency is increased in CVID patients with a single TACI mutation or without TACI mutations, but their low Treg numbers and poor Treg suppressive function may fail to downregulate Tfh production in GCs (55, 56) . Nevertheless, increased Tfh cells may favor autoreactive B cell activation in CVID patients and contribute to the development of autoimmune conditions characteristic of these patients.
In summary, TACI mutations favor CVID development by altering B cell activation after BCR, TLR7, and TLR9 stimulation. However, additional genetic or environmental factors are required for the development of CVID. Since TACI regulates the function of BCR, TLR7, and TLR9, which are likely involved in sensing self-antigens in the marrow, subjects with TACI mutation(s) not only suffer from B cell activation defects but also from an impaired removal of developing autoreactive B cells. B cells from CVID patients with a single TACI mutation may respond to self-antigen stimulation and receive additional T cell help due to the presence of Tfh cells, leading to autoantibody secretion and an increased risk for autoimmune syndromes. In contrast, autoreactive B cells from subjects with two mutated TACI alleles lack the functional TACI necessary for B cell activation, resulting in diminished immune and autoimmune humoral responses.
Methods
Patients. We obtained peripheral blood from 21 individuals with TACI mutations including 9 CVID patients with one TACI mutation and 7 immune-deficient patients with two TACI mutations, 6 with CVID, and 1 with hypogammaglobulinemia (Supplemental Table 1 ). Patient A.II.1, a TACI S144X homozygote who has a complete absence of measurable TACI-specific mRNA and protein, has no increased susceptibility to infections and does not require Ig replacement therapy, yet is nonetheless hypogammaglobulinemic (serum IgG 410 mg/dl) (8) .
Although not a classical CVID phenotype, this patient was grouped here with other CVID patients carrying two TACI mutations to simplify subject categorization. Healthy relatives of these patients made up the remaining 5 subjects; each carried one TACI mutation. TACI alleles present in our study cohort included common missense variants associated with CVID (C104R and A181E) as well as rare mutations such as insertions (204insA, 571insG) and truncations (S144X and S194X). For purposes of comparison, we obtained peripheral blood samples from 50 healthy controls and 50 CVID patients without TACI mutations. The study groups were controlled for age and sex. In addition, healthy controls analyzed for their autoreactive B cell frequencies were previously reported and included a 50-year-old male of mixed European descent previously splenectomized after accidental blunt-force trauma (HD28) (25) . We also included HD29, the 29-year-old healthy brother of CVID patient CVID332. All subjects were genotyped at the TACI gene loci by Sanger sequencing using published primer sets (exons 1-4) (8). For exon 5, the following primer pair was used: 5′-CCTAGTGCAGGGC-CAGGCCTG-3′ and 5′-CCGACCTCCTGCTCTATCT-3′. All samples were collected in accordance with Yale University's IRB-approved protocol HIC0906005336. frequency of autoreactive mature naive B cells in patients with autoimmune diseases such as rheumatoid arthritis, lupus erythematosus, and type 1 diabetes -all of whom display defective central B cell tolerance -is therefore likely due to a defective peripheral B cell tolerance checkpoint and not just an accumulation in the periphery of autoreactive clones produced by the marrow (24, 43, 44) . The defect in peripheral tolerance of CVID patients is associated with an impaired Treg compartment, which plays an important role in regulating this checkpoint (28) . In addition, decreased Treg functions may also lead to increased proliferative events in the mature naive B cell compartment of CVID patients compared with healthy donors with or without TACI mutations (28) . The elevated BAFF concentration in the plasma of CVID patients may also favor B cell homeostatic expansion and provide survival signals to autoreactive clones, thereby preventing their elimination in the periphery (14, (26) (27) (28) 45) . Hence, one TACI mutation is not sufficient to induce the development of CVID and is not responsible for the defective peripheral B cell tolerance checkpoint observed in CVID patients. It is unclear at this point whether another susceptibility gene is responsible for CVID development, potentially affecting Treg function, or whether nongenetic environmental factors are more important in the development of this disease.
It was previously reported that CVID patients with a single TACI mutation are prone to autoimmune cytopenias, whereas patients devoid of functional TACI are protected from autoimmunity (20) . This apparent discrepancy was initially puzzling, as we found that subjects with two mutated TACI alleles had increased frequencies of autoreactive clones in all naive B cell compartments compared with CVID patients with a single TACI mutation. However, in the absence of functional TACI, this increase in autoreactive B cells is accompanied by profound impairments of B cell activation after BCR, TLR7, and TLR9 triggering that are significantly worse than in subjects with a single TACI mutation. Moreover, TLRs play an essential role in the development of autoimmunity (46) . Hence, severe TLR function impairment in TACI-deficient individuals is likely to be protective against autoimmunity despite profoundly defective autoreactive B cell counterselection, leaving these individuals with an immunodeficient phenotype. In agreement with this hypothesis, we could detect ANAs in the plasma of CVID patients and asymptomatic individuals with a single TACI mutation, but not in subjects with two mutated TACI alleles.
High-titer plasma ANAs in individuals with a single TACI mutation correlated with the presence of circulating CD4 + CXCR5 + P-D-1 hi ICOS hi BCL6 + Tfh cells, which normally reside in GCs and provide B cell help. B cells in GCs also produce reciprocal signals for Tfh differentiation. The absence of functional TACI resulting from two mutated TACI alleles impairs costimulatory ICOSL and CD86 expression and thereby precludes the development of Tfh cells and limits ANA secretion. Indeed, another group of CVID patients who are spared autoimmune disease and devoid of circulating Tfh cells are those with ICOS deficiency, whose lymph node GCs display a disturbed architecture (47) (48) (49) . Thus, the absence of circulating Tfh cells in patients with two TACI mutations may illustrate dysfunctional GC reactions and decreased isotype-switched antibody secretion. In agreement with this hypothesis, murine models have demonstrated that either CD86 or ICOSL deficiency abolish GC formation and impair the generation of Tfh cells (50) (51) (52) . However, expanded Tfh cells driven by overexpression of ICOSL on B cells have been reported in Taci knockout mice (53) . Such differences between mouse and man may reconcile KREC assay. The ratio of KREC joints (signal joint) to the Jκ-Cκ recombination genomic joints (coding joint) was determined as previously described (36) . In brief, genomic DNA was isolated from sorted B cell fractions by lysing cell pellets in 10 mM Tris-HCl, pH 8.0, containing 100 μg/ml proteinase K (Roche), incubating for 1 hour at 56°C, and heat inactivating the enzyme at 95°C for 10 minutes. Two separate RT-PCR reactions were performed, one reaction to amplify the signal joint and another to amplify the coding joint, as previously detailed. The number of cell divisions was calculated by subtracting the cycle threshold of the PCR detecting the coding joint from that detecting the signal joint.
In vitro Treg suppression assay. CD4 + T cells were enriched using the EasySep Human CD4 + T cell enrichment kit (STEMCELL Technologies). CD4 + CD25 hi CD127 lo/-Tregs were sorted by flow cytometry, whereas CD3 + CD4 + CD25 -Tresp cells were obtained after the depletion of CD25 + cells with anti-human CD25 microbeads (Miltenyi Biotec) and then labeled with CellTrace CFSE (Invi-voGen) at 5 μM. Treg and Tresp cells were cocultured at a 1:1 ratio in the presence of beads loaded with anti-CD2, anti-CD3, and anti-CD28 (Treg suppression inspector human; Miltenyi Biotec). On days 3.5 to 4.5, cocultures were stained for viability with the LIVE/DEAD kit (Invitrogen), and proliferation of the viable Tresp was analyzed by CFSE dilution.
Cytokine detection. Plasma BAFF concentrations were determined by ELISA according to the manufacturer's instructions (R&D Systems). Cytokines (IL-4, IL-10) in plasma were measured with the High Sensitivity Human Cytokine Magnetic Bead Kit (Millipore) using a Luminex 200. IL-21 was measured by ELISA with the Human IL-21 ELISA Ready-Set-Go Kit (eBioscience).
Statistics. Statistical analysis was performed using GraphPad Prism software, version 5.0 (GraphPad Software). Differences between groups of research subjects were analyzed for statistical significance with unpaired or paired (when within groups), two-tailed Student's t tests except for plasma indirect immunofluorescence assay comparisons that used χ 2 testing. For these statistical tests, α was set to α = 0.05; accordingly, a P value less than or equal to 0.05 was considered significant. The relationship between Tfh cells and Tregs was statistically analyzed using linear regression analysis.
Cell staining and sorting, cDNA, RT-PCR, antibody production, ELISAs, and indirect fluorescence assays. Peripheral B cells were purified from the peripheral blood of research subjects by positive selection using CD20 magnetic beads (Miltenyi Biotec). Single CD19 + CD21 lo CD10 + IgM hi CD27new emigrant/transitional and CD19 + CD21 + CD10 -IgM + CD27peripheral mature naive B cells from patients and control donors were sorted on a FACSVantage cell sorter (BD) into 96-well PCR plates. RT-PCR reactions, primer sequences, cloning strategy, expression vectors, recombinant antibody expression, recombinant antibody purification, and recombinant antibody reactivity determination were as previously described (21) . For indirect immunofluorescence assays, HEp-2 cell-coated slides (Bion Enterprises) were incubated in a moist chamber at room temperature with patient plasma samples at 1:80 and 1:320 dilutions in PBS according to the manufacturer's instructions. FITC-conjugated goat anti-human IgG was used as a detection reagent. The following antibodies were used for flow cytometric stainings: CD19 APC-Cy7, CD27 PerCP-Cy5.5, CD10 PE-Cy7, IgM FITC, CD21 APC, CD25 FITC, CD69 PE, CD80 FITC, CD86 PE, CD4 APC-Cy7, CD25 PE-Cy7, CD127 PerCP-Cy5.5, CD45RO Pacific Blue, TACI PE, CD303 FITC, CD14 Pacific Blue, CD4 APC-Cy7, CXCR5 PerCP-Cy5.5, PD-1 PE-Cy7, ICOSL PE, CD25 PE, and CD40 APC (all from Biolegend), CD3 eFluor 605NC, BCL6 PE (both from eBioscience), and CD21 BD Horizon V450 (BD). Intracellular staining for FOXP3 Alexa Fluor 488 (clone PCH101; eBioscience) was performed using the FOXP3/Transcription Factor Staining Buffer Set (eBioscience) in accordance with the manufacturer's instructions.
B cell activation and proliferation. Naive B cells were enriched from the blood of healthy donors by negative selection using the Naive B Cell Isolation Kit II (Miltenyi Biotec) and plated for 48 hours at 150,000-200,000 cells per well in a 96-well plate in RPMI 10% FBS and either 2.5 μg/ml polyclonal F(ab′)2 rabbit anti-human IgM (Jackson ImmunoResearch), multimeric soluble recombinant human CD40L 1.0 μg/ml (Alexis Biochemicals), 0.5 μg/ml CpG (TLR9 agonist; Invitrogen), or 1.0 μg/ml gardiquimod (TLR7 agonist; InvivoGen). In proliferation and antibody secretion experiments, total human splenic B cells isolated by negative selection using EasySep were stimulated for 5 days with CpG and gardiquimod in the presence or absence of 500 ng/ml APRIL (R&D Systems). APRIL was blocked with 30 μg/ml of TACI-Ig (Ancell). Mouse IgG1 with irrelevant binding activity was used as a control for TACI-Ig. Cell proliferation was assessed by CFSE staining using the CellTrace CFSE Cell Proliferation Kit (Invitrogen) according to the manufacturer's instructions. Supernatants were collected and analyzed to test the presence of BAFF and APRIL using a soluble human BAFF ELISA Kit (Adipogen) and a LEGEND MAX Human APRIL/TNFSF13 ELISA Kit (BioLegend). IgM secretion was detected by ELISA. In brief, M96-Nunc ELISA plates were coated with anti-human IgM (SouthernBiotech). After blocking with 1% BSA in PBS, samples were added to the plate overnight. Purified anti IgM-HRP antibody (Cappel) and TMB substrate solution (BD) were used according to the manufacturer's instructions.
Coimmunoprecipitation experiments. FACS-sorted human CD19 + splenic B cells were treated with 0.2 μg/ml recombinant human APRIL (R&D Systems), 0.5 μg/ml CpG (Invitrogen), and/or 1.0 μg/ml gardiquimod (Invi-voGen) for 2 hours. For each condition, 10 7 cells were used. Cells were homogenized and solubilized in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton, 0.2 mg/ml BSA, and protease inhibitors) using a Dounce homogenizer. An equal amount of each protein lysate was incubated with anti-TACI biotinylated antibody (Abcam) overnight at 4°C, followed by incubation with 50 μl of streptavidin-sepharose beads (GE Healthcare) for 3 hours. Different buffers were used to wash streptavidin-antigen-antibody complexes (wash buffer 1: 50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Triton; wash buffer 2: 10 mM Tris-HCl, pH 7.5, 0.1% Triton). Denaturated proteins were analyzed by SDS-polyacrylamide gel electrophoresis. The membranes were immunoblotted with anti-TLR9 (Pierce), anti-TLR7 (Abcam), and anti-TACI (Abcam) antibodies.
